Austenite grain growth in microalloyed steels is governed by the coarsening of fine precipitates present at grain boundaries below the grain coarsening temperature. Zener model is widely used in metals to describe the pinning effect of second phase particles precipitated in the matrix. In this work it has been discussed whether grain boundary or volume diffusion is the rate controlling process for the coarsening of the niobium carbonitrides. Calculations on austenite grain growth kinetics, obtained coupling Zener theory and both rate controlling processes of precipitate coarsening, have been compared against experimental austenite grain size results under nonisothermal heating conditions. In this sense, it has been concluded that the coarsening of niobium carbonitrides is mainly controlled by volume diffusion of Nb in austenite.
Introduction
The driving force for grain growth results from the decrease in free energy of the system. The grain boundary area is the main source of energy for grain growth process; therefore, the system will evolve to reduce its grain boundary area [1] . Larger grains will grow at the expense of the smaller ones. Microalloying elements like vanadium, niobium and titanium have been employed in the past two decades to produce fine precipitation in the matrix. The austenite grain boundaries and dislocations are pinned by these precipitates, inhibiting their movement during the thermomechanical processing of steels [2] .
Zener [3] was the first to obtain a quantitative theoretical expression to evaluate the influence of precipitate inhibiting effect on grain boundary motion. Other authors [4] [5] [6] [7] [8] [9] [10] [11] [12] have given similar expressions since the seminal work by Zener. Although these models are based on a number of physical and geometric assumptions that differ among the models, all of them can be generalized using the following general equation, (
where crit D is the average critical 3-D prior austenite grain size (3DPAGS), r and f are the mean radius and volume fraction of carbonitrides, respectively, and φ depends on factors such as the geometry of precipitates and austenite grains or coherency between precipitate and matrix. The value of n depends on the distribution of precipitates in the matrix. The assumption of random distribution leads to n=1 (Zener original model), whereas preferential distribution of precipitates at grain boundaries leads to n<1 [13] . The present article describes the austenite grain growth during a continuous heating at different rates in a niobium microalloyed steel. A set of expressions is proposed to describe the austenite growth kinetics under the influence of pinning precipitates during a continuous heating at a constant rate. It will be discussed about the randomness of the distribution of carbonitrides in the matrix and whether volume diffusion or grain boundary diffusion of niobium is the rate controlling process for the coarsening of precipitates.
Materials and experimental procedure
A low-carbon niobium microalloyed steel has been studied. Its chemical composition is listed in Table 1 . Cylindrical samples of 3 mm in diameter and 12 mm in length were used to reveal grain boundaries by the thermal etching method [14, 15] . Samples were austenitized in vacuum (>1Pa) at three different heating rates, HR (0.05, 0.5, 5K/s) and at temperatures ranging from 1183K to 1523K (Tγ) and subsequently cooled down to room temperature at 1K/s. This way, prior austenite grain boundaries are revealed without chemical etching.
The average austenite grain size in 2-D, A , was measured using an image analyser. In this work it will be considered that the 3-D prior austenite grains as tetrakaidecahedrons. Based on the work by Hull and Houk [16] the following expression will be used to calculated the 3DPAGS can be given,
A two-step extraction carbon replica method has been used to examine and identify precipitates present in the austenite grain boundaries [17] . Carbon replicas obtained using this method where examined using a Jeol Jem 2010 TEM, at an operating voltage of 200 kV, with an energy dispersive spectroscopic (EDS) analyser Oxford Inca. Figure 1 shows the evolution of the 3DPAGS during a continuous heating at 0.05, 0.5 and 5K/s. Fig.  2 shows the prior austenite microstructure formed after heating the sample to three different temperatures at a rate of 5K/s. Carbon replicas showed that niobium carbonitrides were precipitated in the matrix ( Fig. 3 ). 'Cu' peaks in the EDS spectrum corresponds to the copper mesh that supports the replica. The average radius for carbonitrides measured from carbon replicas just above Ac 3 temperature was r 0 =0.01 µm. Ac 3 is the temperature at which the process of austenitization is completed and it was experimentally determined for this steel at 1168±3K when heating at 0.05K/s [18] .
Results and Discussion
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Microalloying for New Steel Processes and Applications It is well known that the 3DPAGS in plain carbon steels increases exponentially with temperature [19] . However, in microalloyed steels it is usual to observe two-step grain growth [19] [20] [21] [22] . The sluggish grain growth in the lower range of temperatures (first step) is associated with the existence of precipitates that pin the boundaries, inhibiting their movement. As temperature is raised, several precipitates dissolve while others coarsen. Thus, some grain boundaries are free to move and the average 3DPAGS of the microstructure will grow [21] [22] [23] . In microalloyed steels, although the limits between both steps of growth are not clearly divorced, the grain coarsening temperature (T GC ) is usually referred to as the temperature that separates both steps of growth [20, 23] . As it was discussed elsewhere [24] , the T GC in this steel for heating rates 0.05, 0.5, 5ºC/s are 1363, 1385 and 1393K, respectively.
At sufficiently high heating temperatures, the niobium carbonitrides precipitated in the matrix become unstable. Dissolution of some of the carbonitrides begins in order to reach the equilibrium amount of niobium in solid solution in austenite, as predicted by the solubility product of the niobium carbonitrides [23] , at the corresponding temperature,
where Nb, C and N refer to niobium, carbon and nitrogen in solid solution in austenite, respectively, in mass-%; Ks is the solubility product, and T is temperature in K.
As temperature is increased, more carbonitrides will dissolve and the volume fraction of these precipitates will decrease until the T DISS is attained. At this temperature all precipitates will be dissolved and all the Nb, C and N will be in solid solution in the austenitic matrix. According to Eq.
(3), for the present steel, T DISS =1437K. Considering mass balance of niobium and carbon equivalent and the stoichiometric relation between these elements, the amount of niobium precipitated as carbonitrides, the niobium in solid solution in equilibrium with austenite and the volume fraction of precipitates can be determined [24] . Some experimental works have shown that during heating, precipitates that remain undissolved in the matrix have a tendency to coarsen at the expense of the smaller ones [19, 22, 25] . The driving force for this process is provided by the consequent reduction in the total interfacial energy. These authors [19, 22, 25] experimentally showed that the higher the heating temperature, the coarser the niobium carbonitrides were, although less volume fraction of them were precipitated in the matrix. Other authors [26] have observed that for heating temperatures lower than the T DISS , coarsening of precipitates was taking place; while for heating temperatures higher than T DISS , only dissolution occurred.
Depending on the rate controlling process, the law that describes the coarsening of carbonitrides varies. The diffusivity of niobium is much lower than the diffusivity of carbon or nitrogen in austenite; hence, niobium diffusion is supposed to be the rate controlling process during ripening of carbonitrides. If most precipitates are located preferentially at grain boundaries, it is expected that during coarsening, most of the niobium in solid solution will diffuse along grain boundaries. In this case, according to Ardell [27] the variation of mean radius of grain boundary precipitates with time is described by the following expression, 
where r is the radius of carbonitrides in microns, T is the absolute temperature, t is time in seconds, σ is the interfacial energy per unit area between precipitate and matrix (0.5x10 -12 Jµm -2 ) [28] , δ is the width of the grain boundary (10 -3 µm) [29] , V m is the molar volume of carbonitrides (1.28x10 13 µm 3 mol -1 ) [28] , [Nb] is the amount of niobium, in mass-%, in solid solution in equilibrium with the austenite matrix, and D GB is the coefficient of niobium diffusion in grain boundaries (9.3x10 8 exp(-162203/RT) µm 2 s -1 ) [30] . It has been considered that the activation energy for niobium grain boundary diffusion is Q GB =Q V /1.8, where Q V is the activation energy for niobium volume diffusion [30] . Parameter ν has been determined by Ardell [27] and varies rapidly for small values of the volume fraction of carbonitrides. Parameter R (8.31JK -1 mol -1 ) is the universal gas constant and G is a geometrical constant characteristic of a given system [27] . During a continuous heating, the heating curve can be expressed as a series of isothermal steps that occur at consecutively increasing temperatures. In this sense, the total increase in the radius of carbonitrides during heating can be computed as the sum of the partial contributions at each heating
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Microalloying for New Steel Processes and Applications temperature (step). The heating time at each step, can be expressed as a function of the heating rate dt=dT/θ, where θ is the heating rate and dT is the increment in temperature between two successive steps. In the limit where dT→0, the sum of consecutive steps can be simplified integrating in the whole range of temperatures [Ac 3 , T]. Therefore, the radius of niobium carbonitrides during heating can be written as,
where r 0 (0.01 µm) is the radius of precipitates at the end of austenite formation. On the other hand, if precipitates are distributed in austenite at random, due to the low volume fraction of the sample occupied by the grain boundaries, the number of precipitates present in the matrix will be higher than those located at grain boundaries. In this case, most of niobium in solid solution will diffuse through the volume of the austenitic matrix in order to contribute to the coarsening of niobium carbonitrides located at grain boundaries. In this case, according to the theory by Lifshitz and Slyozov [31] , precipitate coarsening is controlled by niobium volume diffusion. An equivalent expression to Eq. (5) can be obtained,
where D V is the coefficient of niobium volume diffusion (9.3x10 8 exp(-291966/RT) µm 2 s -1 ) [30] . The other parameters in Eq. (6) have been defined previously. In Fig. 4a and Fig. 4b the evolution of the radius of niobium carbonitrides with temperature and heating rate has been represented as predicted by Eq. (5) and (6), respectively. As it would be expected, Fig. 4 shows that the coarsening of carbonitrides controlled by niobium grain boundary diffusion is much faster than coarsening governed by niobium volume diffusion. Fig. 4 . Evolution of the radius of niobium carbonitrides with heating rate and temperature under two different assumptions: a) coarsening controlled by niobium grain boundary diffusion and b) controlled by niobium volume diffusion. Evolution of the equilibrium volume fraction of carbonitrides is also shown (dashed line).
As it was pointed out in the introduction of this work, all models concerning the growth of grains under the influence of a dispersed second phase can be generalized using Eq. (1). According to this equation, the limiting grain size critically depends on the assumptions regarding the randomness of the boundary particle correlations (value of n). Following the works by Doherty et al. [32] , and Anand and Gurland [33] , if most of the particles were located at grain boundaries, n=1/2. On the other hand, as originally proposed by Zener [3] , and also shown by several authors [4, 11] , the assumption of random intersection between grain boundaries and second phase particles leads to n=1 in Eq. (1).
Therefore, depending on the distribution of precipitates in the matrix, two different models should be used in the calculations. In Fig. 5a-b results obtained using the two models have been represented assuming that the equilibrium volume fraction of carbonitrides, f, and the equilibrium content of niobium in solid solution, [Nb] , are reached at each austenitization temperature for a heating rate of 0.05K/s. Thus, Eq. (1) is only valid for temperatures lower than the T GC temperature [24] . Fig. 5a shows that coarsening of precipitates due to grain boundary diffusion predicts much faster grain growth kinetics than the growth measured experimentally. Results show that grain growth under the influence of precipitates that are pinning grain boundaries is best modeled assuming that precipitates are distributed at random in the microstructure and that the process controlling the coarsening of precipitates is the niobium volume diffusion. These results are in agreement with the results of other authors concerning the modelling of austenite grain growth under the influence of carbonitrides [25, [34] [35] [36] [37] . during a continuous heating according to the predictions of two different models: a) most precipitates located at grain boundaries, coarsening of precipitates governed by niobium grain boundary diffusion; b) precipitates randomly located in the matrix, coarsening of precipitates mainly governed by niobium volume diffusion.
Summary
The austenite grain coarsening under the influence of pinning precipitates during a continuous heating at a constant rate has been studied. It has been found that austenite grain growth under the influence of niobium carbonitrides is best described under the assumption of random distribution of precipitates in the austenitic matrix and that coarsening of precipitates is mainly controlled by niobium volume diffusion.
